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ABSTRAC
We present high-resolution very long baseline interferometry images of three southern tadio soutrces
that the Energetic Gamma-Ray Expeimment Telescope (EGRET), 011 board the Compton Ganmna Ray
Obscrvatory,has identified as greater than 100”7 McV gamma-tay sources, These are the first results in a
continuing, program of VI.BI obscrvations of southern EGRET identifications. For two of these sources,

PKS 0208- 51 2?

{at 4.851 GHyz) and PKS 0537- 441 (at 4.851 and 8418 Gllz), the images 1epresent
first-cpoch obscrvations. For the temaining lower redshiftobject, PKS 0521

365, we presentima ges

from thice epochs at 4.851 Gllz and an image from one further epoch at 8418 Gllz, spanning approx-
imately 1 yi. We discuss the need for further extensive V1Bl obscrvations of EGRET- identified radio

SOUTCees,
Subject headings: palaxics: aclive  galaxies: jets
techniques: interferometric

1. INTR ODUCTION

The first two dedicated pamma-ray astionomical satel-
lites, S,48 2 and COS B, yielded between themone identified
extragalactic somee of greaterthan 100" MeV gamma rays,
the tadio souree 3¢ 2-/3 (Bignami g Hermsen 1983). 'The
(‘ompton Ganma Ray Obserpatory (CGRO) waslaunched in
1991 April. Of the four detectors on board the CG RO, ( he
Encrgetic Gamma- Ray Fxperiment Telescope (BGRIET) is
sensitive tothe highestenergy penmmarays, those inthe 2()
MceV o 30 GeVorange. 'To date, CGR O has discovered ovel
120 discrete sources of greater than 100 MceV gamma-ray
cmission.

o f these discrete soutces the second ECGIRET Source
Catalog, compiled fiom obset vations during phases Tand 11
of the CGRO mission (from 1991 April 10 1993 July), lists
with high conlidence 40 identifications of extragalactic
radio sovrces and a further 11 marginal identifications
(Thompson ¢l al. 1995). Identifications wete classified as
marginal il the candidate 1adio counterpart lies close to but
outside the 95% uncertainty contour for the gamma-iay
souree position. Previously, the high confidence and mar -
panal classifications were based solely on photon statistics
(c. ., von Montign y et al. 1995). To avoid confusion, we will
usce the following terminology: strong and weak describe
the statistical significance of detection, and high-conhidence
and marginal describe the identifications, The rapid optical
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variabihity and strong optical polatization of most of these
coun e rpartsources have resulted in their being classified as
“ blazars.”

The absolute gamma-ray luminositics for some EGIREVT
sources are exceedingly high (~ 104 % crgs s 1 approx-
imately the Eddington limit for a 101 M, black hole) if
isotropic emission is assumed. However, there are reqisons
for concluding that the emission is not isotropic. A numbei
of the radio counterparts have al ready been observed with
very long bascline interferometry (VIR These sources
have gererally exhibited appaient superluminal motions,
suggesting bear ned emission from relativistic matter trav-
cling close toout line of sight.If the gatnrna-ray flux orig-
nates in the jetand is also beamed along owr line of sight,
then the Tuminosities derived by assuming isotropic emis-
sion will be overestimates.

Although extragalactic EFEGRE'T sources are consistently
identificd with bright, Mlat-spectrum radio so urces, not all
bright, flat-spectrum radio souices are detectable gamma -
ray sources. ‘The assumption that the gat nma-1ay emission
i s beamed has been vsed to infer that the width of the
gamma-ray bea mois smaller than that of the radio beam,
unider the " unificd scheme * assumptionthatallbright, flat -
sprectrum radio sources are gamma-ray sources. Adopting a
beam size for the radio emission of ~ 14, Salamon &
Stecker (1994) derive a beam size for the gamma-ray cm -



sion of ~4 . 1 Jowever, Dondi & Glisellini (1995 arguc that
the radio and gat nmna-1ay beams must be collimated to the
same extent, and they suggest that the LG REY sourees are
detected because they are currently in a high state of
pamma-tay cmission, thus fcaving those sources corrently
inalow state undetected.

Indicators of relativistic beaming arce therefore relevant
for models of the gamma-1ay emission. I'or example, the
models proposed by Sala mon & Stecker (1994) and Dondi
& Ghiselling (1995) have quite difleientimplications for the
distnibution of line of sight angles of the relativistic jet in
BEGRY P sources. Salamon &  Stecker  predict that all
gamma-tay sources have thein jets aligned within 4 to the
line of sight, whereas Dondi & Ghisellimi imply a broada
distribution of angles to the linc of sight.

Such predictions of the beaming character istics o f
G RTYT sour ces may be tested by compating « he V1B
propet tics of 1adio soutces, such as superluminal maotions
and radio core brightness temperatures, ovet the full range
of gamma-1ay activity (nondetections, weak detections, @ nd
strong detections) and examining any similaiities o1 di fler -
enees between these populations,

1 this paper we describe the first high-resolution V1.BI
observations of three southern FGRET radio sources, PKS
0208- 512, P KS 0521 - 365, and P XS 0537- 441, all high-
confideniceidentifications inthe sccond BORET "¢ at alog. In
§ 2, owobsetvations, reductions, and analysis methods ate
outiined. The results for (tic individual sonrces are present-
ed in § 3. where we derive estimates of the radio core brigl -
ness temperatures. We coniclude with a discussion of the
existing VI.B1 obser vations o f EGRIYT sources in § 4.

2.0 BS ERVATIONS AND DATA REDUCTION

Our VIE.BY obser vations, summa vized in Table 1, wer e all
made using the Mark-1 recording system (Clark 1973) and
the SHEVIED (Southern Hemisphere VB Nxperiment)
array of tclescopes. The ar ray, its proper lics, and oper-
ational modes have been deseribed elsewhere (Preston el al.
1989; Jauncey ct al. 1994).

A 11 data were recorded with left circular polarization
@ i ‘bibiconvention)and upper sideband with abandwidth of
1.8 Mtlz, and subscquently they were conelated at thc
Biock 11 Caltech/IP1 . processor in Pasadena, California.
The data were fringe-fitted in NR AQO’s Astronomical lmage
Processing System (A 1PS) before being, passed o the
Caltech reduction software package for coherent averaging
i time. An initial calibn ation, available fiom measured
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system temperatures and antenna sensitivitios, was applicd
to calibratorsources o fknown total flux density observed in
the same experiment. A single time-independent scaling
factor was determined for cach antenna by amplitude sclf-
calibration on the calibrator sources and applied to the
amplitudes of the program sourees 1o improve the initial
calibration. Thie error in the flux density scales was then
estimated by imaging the progran source data and noting,
the telescape-based corrections made during the sclf-
calibration stages. In all cases, these corrections were ress
than 10% and often less than 5%. The data were imaged
using DI MAP (She pherd, Pea rson, & Tayloy 1994), part
o [ the Caltech package (Pearson 1991y with 512 x 512 maps
and pixel sizes ranging between O.fand 0.5 mas. Biightness
temperatures were found for components which were
deconvolved from the synthesized b cam using the IMETT
task in ATPS_IMETT returns only an upper imit on the size
of completely unresolved components but retut g an esti-
mated sire, with upper and Jower Iimits, for components
that arc rcsolved. Inthe case ot unresolved core com-
ponents, we wer ¢ able to derive lower limits to the bright-
ness temperature from the imit on the size and the total flux
of tile component. Forthe Colts that were resolved, we
could derive an estimate of the brightniess temper atoure fr om
the estimated size and the totalflux.

F'or PRS 0521- 365, high-resolution multicpoch and
multifrequency data are availa ble, and so, inadditionto the
above proceduies, the following an alyses were performed.
Limits on the jet-t(~-c(~(l]tcljct sulfate brightnessratios
wese miade diteetly from the images. We estimated spectial
indices using the total flux in cachr component measured
from the images. The multicpoch data were used 1o estimate
the apparent speed 1 the jet of PRKS0521-3065. <100 this
end, we used the Caltech) task MODEL VT to fit simple
Gaussian  components to  the amplitudes and closure
phases, cithet two 0 1 thice components at cacl 1 cpochy,
keeping the cote component as ourarbitrary phase center.

3.7 HE INDIVIDU AL SOURCES

3.1. PKS0208-512

PKS 0208- 512 was detected with a strong statistical
sipnificance (> 50) by EGRET(von Montigny ctal. 1995).
the high-confidence identification is with an my = 175
high-polatization quasar ata1cdshift of 1 .003 (Savape 1975,
Peterson ot al. 1976; Impey & Tapia 1988). PKS 0208 512
has the hardest gamma-ray spectium 0 £ all FGRET
sources, with a diflerential spectralindex of 1.689 ) 0. (M6

“1ABLYL

O BSERVATION LOG

Fequency
Soutce Y. poch (Gitlz) Participating ‘1 elescopes®
Pk, Hb, Cg, M1, 1127, 1
Pk, Jib, Cg, M1, J1?_/, i, Sh
Pk, 11h, Cg, My, 1127
Pk, b, M1, Pt27
Pk, Hb, Cp, M1, 115
Pk, b, Cg, M1, Y127, 111, Sh

12545, Pk, Hb, Cp. My

1997 Nov 28
1992 Noy 23
1993 1 ¢b 15
1993May 14
1993 Oct 21
1992 Nov 24
19941 ¢b 25

PKS 0208- 512......
PKS 0521365......

4.851 Gl
4.851 Gllv
4.851 Gtz
4.851 Gilr
£.418 Gz
4.851 Gitlr
8.418 GH»

PKRO0OS37441 ... ...

2 PsA5 = Nidbinbilla (Deep Space Network, 34 m), Pk = Patkes (Austialia Telescope
National Yacility [AT NV, 64 m), 11b = Hobart (University of Tasmania, 26 1),
Cp = Culgoora (A'] NI, 22 m), Mr: Mopta (ATNE | 22 i), Pi15: Perth (Buropean Space
Agency, 1S m), 127 - Perth (Telstta, 2 7 w), Ht = Hartebeesthock Radio Astronomy
Obscrvatory (26 m), Sh = Shanghai Astronomnical Observatory (25 1)
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TABLE 2

I,|r>\1’||,\ ON B 110 Countrriny SURL o Bracine o
V10 (R) AND COnt-Jiy SIPARAT 1IN (d) FORYACH
011 e PRKS 05821365 POCH g

[requency d
Lipoch (Gll7) R (tnas)
199201, .. .. 418 >93 78418
1993.1 ?...... 48 > 86 8.6 110
1993,3 -/.,.... 4.8 > 5.0 9.4 -1 54
1993.80...... 8.4 >29 103411
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proposed by Falomo ct al. (1995) for PKS 0521+ 365 but
also with a tnodel which has a highly 1elativistic flow closcly
aligned 1o our line of sight. However, the brightness tem-
perature, which is well below the nominal inverse Compton
limit of 1017 K. docs not favor PKS 0521+ 365 as a highly
beamed radio source. Observations at later epochs will
Allow us to constiain further any apparent motion i the jet
of PKS 0521~ 365, giving a mote complete indication of the
impor tance of 1clativistic beaming.
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core-jetmor phologics. Inthe case of PKS 0208 s 12 and
PKS0521 365, the position angle of the milliaiesecond-
scale structure seen with VIBI aligns with the position
anpX’ ol the arcsecond -scale  radio  stiuctore. The
milliaresccond-scale position angle of PKS 0537- 441 is
somewhat misaligned fiom its alcwceoll(i-scale position
anple.

The brightness temperatures of the cores suggpest that
PKS 0208 512 and o s 3 /- 441 may be more highly
b camed than PKS 0521 365. In particular, PKS
0208 517 has o brightness temperatore at the 10'7 K
inverse Compton imit forsynchrotion radiation. *1 his dif-
ference inbrightness temperature correlates With the sttong,
statistical 1 "GRET detection of PKS 0208 51 2 and
0537441(> s o signiflicance) but 01 1% the weak statistical
detection of PKS 05213065 (4 < o < S significance), ever
though PKS 0521 365 s muchclosettous. 11 is important
to repeat here that we are considering, the significance of the
EGRIT detection based onthe photon statistics, giventhat
the identifications can be made, as Thompson ctal. (1995)
asser G, with high confidence.

Unfortunately, on the basis o f the brightness tem-
peratures for these three sources we cannot make a strong
statementconcerning the importance of relativistic beaming,
for detection by ECARET Further constraints for these
objects will be available as we obtain images fiom future
CPO ¢l Canwe, iowever, examine the existing V1 RB1 data
i the fitcrature and find any trends which could Tink the
gamina-1ay and VB character isties of the EGIRIETT -
identified somces or dilferentiate the FGRT-ider tified
radio sources from radio sources which have not been iden-
tilicd by FGRTYT?

Fust, mine of the 1tidentificd  HGRET sources listed by
Thompsoncetal. (1995) which have been well studied with
VI. Bl aic known ot possible supertuminal radio sources
(Vermeulen & Cohen1994; Bartheletal. 1995, this woik).
T'Tie mean apparent speed in the V1B jets of these 11
EGRIT-ident fied sources is 5.6h e with a stan dard dev -
ation of 7.3h el

Sccond, while there s substantial evidence that some
strong EGR E'T-identified radio sources are highly bearned,

! «1 his estimate includes the highestieliability VI Blobscrvations listed

by Vermuclen & Cohen (1994) for nine sontces, the obscrvations of Barthel
clal. (1995) for16331382, and the data for PKS 0s21 365 appcating in
Table 2 Where multiple obsctvations of similar1chiability were avaitable
fora single source ftom Vermuelen & Cohen (1994), they were used to form
atav crape value forthe souee.
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some others  do notappear 1o be. Some of cire stiong,
EGRE Tsources, for example 1226- 1 023 (c.g., Unwin ¢l al.
1985), arc clearly highly supetluminal, whercas othiers such
as 12221216 (1oonneyer et al. 1992) are perhaps consistent
with subluminal speeds. There are also some highly beamed
radio sources that have not beendentified by BGRET,
suclt as 1641 -1 399 (c. g., Bitctta, Moore, & Cohen 1980).
The meanappatentspeed for e coreselected quasars and
B1. Lac objects which are listed by Ver naculerr & Cohen
(1994) and have not been identificd by BGRET is 3.9h e,
with a standard deviation of 3.0h e (based on 24 objects
anid using the scune critetia as for the HGRET identified
sources).

Unfortunately, these data do not allow us to make a firm
conclusion at hout possible diffciences o 1 similaritics in
V1R propertics between tile 1adio sources that FGIR 1T
has identified and the many others that EGRYT has not
identificd. 1 he mean values for the apparent VI BI speeds
are easily consistentatthei o level, butthe standard devi -
ations on the distributions arc large. We fecel that, given the
overall ichiability of the data and the small sarnpoles, any
definite conclusion is pretnatunc.

Thus, more \'] Bl obscivations, over the full range of
gairna-1ay stiength (nondetection, weak detection, and
strong detection), will be requited before the question posed
above can be proparly answered. -1 he need for Southern
Hemisphete obscrvations of the high-confidence EGRET
identilications is especially apparent since 13 of 40 lic south
of & 0 . Ourcontinuing VI Bl obscrvations arc aimed at
addressing this need.

We express out giatitude to the time-assignment com-
mittees of the participating obser vatories, the tnanagceinent
of tile Decep Space Network, Telstia (Austialia) and the
Huropcan Space Hncrgy. Wealso thank tire stafl of tile
Caltech/dPTcorrelator. S. 1P and 1.1 ) acknowledge
support via Australian Postgraduate Awards and the Aus-
tralia Telescope National Facility student program. 2. GUF.
ack nowledges reecipt of a Monbusho Fellowship. We also
acktiowledge suppor t from the Per th Astrotiomy Rescaich
Group and the Australian Rescarch Council. The Australia
I clescope is opetated as a national facility by CSIRQO. Pard
of this 1escarch was car ried out at the Jet Propulsion
1 aboratory, Cahfornialnstitute of Technology, under con-
tract with the National Actonautics and Space Adminis-
tration.
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